We have reported that sulforaphane (SFN) prevented diabetic cardiomyopathy in both type 1 and type 2 diabetes (T2DM) animal models via the upregulation of nuclear transcription factor erythroid 2-related factor 2 (Nrf2) and metallothionein (MT). In this study, we tested whether SFN protects the heart from T2DM directly through Nrf2, MT, or both. Using Nrf2-knockout (KO), MT-KO, and wild-type (WT) mice, T2DM was induced by feeding a high-fat diet for 3 months followed by a small dose of streptozotocin. Agematched controls were given a normal diet. Both T2DM and control mice were then treated with or without SFN for 4 months by continually feeding a high-fat or normal diet. SFN prevented diabetes-induced cardiac dysfunction as well as diabetes-associated cardiac oxidative damage, inflammation, fibrosis, and hypertrophy, with increases in Nrf2 and MT expressions in the WT mice. Both Nrf2-KO and MT-KO diabetic mice exhibited greater cardiac damage than WT diabetic mice. SFN did not provide cardiac protection in Nrf2-KO mice, but partially or completely protected the heart from diabetes in MT-KO mice. SFN did not induce MT expression in Nrf2-KO mice, but stimulated Nrf2 function in MT-KO mice. These results suggest that Nrf2 plays the indispensable role for SFN cardiac protection from T2DM with significant induction of MT and other antioxidants. MT expression induced by SFN is Nrf2 dependent, but is not indispensable for SFN-induced cardiac protection from T2DM.
Diabetic cardiomyopathy (DCM) is a major cause of the mortality in patients with diabetes (1,2); however, there remains no effective preventive approach. Given that reactive oxygen species has been considered to be a critical mechanism for the development of DCM (3, 4) , antioxidant therapy has obtained more attention.
Nuclear transcription factor erythroid 2-related factor 2 (Nrf2) plays an important role in antioxidative responses by upregulating multiple antioxidant components such as heme oxygenase-1 (HO-1) and NAD(P)H:quinone oxidoreductase 1 (NQO1) (1, 5) . Sulforaphane (SFN) is a potent Nrf2 activator. We have reported that SFN upregulates Nrf2 function and protects from DCM in mice with type 1 diabetes (T1DM) induced by streptozotocin (STZ) (6) and mice with type 2 diabetes (T2DM) induced by feeding a high-fat diet (HFD) followed by small dose of STZ (HFD/STZ) (7) . Silencing the Nrf2 gene in cultured H9c2 cardiac cells abolished SFN's prevention of high-level glucose-induced cellular oxidative damage (6) . However, whether Nrf2 really plays an indispensable role in the prevention of DCM by SFN remains unclear.
In addition, because Nrf2 is a nuclear transcription factor, Nrf2 itself does not have antioxidant function, and its antioxidant effect has to be mediated by downstream targets. Metallothionein (MT) is a cysteine-rich and metalbinding protein (8) and has been shown to protect the heart from T1DM and T2DM in mouse models (8) (9) (10) . Induction of MT expression by zinc administration for 3 months almost completely prevented DCM (9) , but only partially prevented diabetic nephropathy (11) , suggesting different contributions of MT protection from oxidative damage in diabetes to the heart and kidney.
Reportedly, SFN induces MT expression in vitro (12) and in vivo (13) . We also demonstrated the significant SFN induction of MT mRNA expression in the heart of T1DM mice (6) and the kidney of T2DM mice (2) . Furthermore, we found that MT plays an important role in SFN-mediated Nrf2 renal protection (2) . However, whether MT also plays an important role in SFN-mediated protection against DCM in T1DM or T2DM model has not been determined.
In the current study, therefore, we explored whether Nrf2 plays the requisite role in SFN-mediated protection from DCM in the T2DM model and, if so, whether MT acts as one of the Nrf2 downstream genes to play a critical role in SFN-induced Nrf2-mediated protection from DCM. The combination of Nrf2-knockout (KO), MT-KO, and wildtype (WT; C57BL/6J or 129S1) mice was used for inducing a T2DM model with HFD/STZ (7).
RESEARCH DESIGN AND METHODS

Animals and Experimental Models
Eight-week-old male Nrf2-KO mice were obtained by breeding homozygotes (Nrf2 2/2 ) with heterozygotes (Nrf2 +/2 ), and MT-KO mice were obtained from breeding homozygotes (MT 2/2 ) with heterozygotes (MT +/2 ). All breeding pair mice were purchased from The Jackson Laboratory (Bar Harbor, ME). All experimental procedures were approved by the Institutional Animal Care and Use Committee of the University of Louisville.
T2DM features two physiological defects: resistance to the action of insulin combined with deficient insulin secretion (7, 14) . Accordingly, an insulin-defective T2DM mouse model was created by HFD feeding for 3 months to induce insulin resistance ( Supplementary Fig. 1A ), followed by a single dose of STZ to cause mild deficiency of insulin secretion and hyperglycemia, as illustrated in Supplementary Fig. 1B and previously described (7, 14) . The HFD contains 60% kcal fat (no. 12492; Research Diets, New Brunswick, NJ), and the control normal diet (ND) contains 10% kcal fat (no. 12450B; Research Diets). The STZ was given by a single intraperitoneal injection of 100 mg/kg in 0.1 mol/L sodium citrate buffer (pH 4.5; Sigma-Aldrich, St. Louis, MO) (7). Five days after STZ administration, HFD/STZ mice with hyperglycemia (3-h fasting blood glucose levels $250 mg/dL) were considered as IDS-T2DM. Then, both T2DM and control mice were injected subcutaneously with or without SFN (Sigma-Aldrich) at 0.5 mg/kg 5 days a week for 4 months along with continual feeding with either HFD or ND. Accordingly, four groups were defined: ND + vehicle (Ctrl), ND + SFN (SFN), HFD/STZ + vehicle (DM), and DM + SFN (DM/SFN).
The selection of an SFN dose of 0.5 mg/kg was based on the following considerations: 1) because of its lipophilicity, SFN is rapidly absorbed entirely, and the plasma concentration appears at ;1 h and peaks at 4 h after dosing, with a half-life of 2.2-2.6 h in rats and humans (13, 15, 16) ; and 2) SFN is rapidly excreted. Therefore, doses of SFN at 10-fold difference reached the similar levels of plasma concentrations of SFN and half-life time (16) . This may be the reason why a wide range of SFN dosing, 40 mg to 25 mg/kg, has been used in animal models (17) . Due the chronic treatment experimental design, we used a relatively low (0.5 mg/kg daily of the working day) for relative long time (4 months), which has been shown to have limited unanticipated side effects (6, 7, 18, 19) .
Echocardiography
Transthoracic echocardiography was performed to measure cardiac function (7) . Briefly, we used a high-resolution imaging system (Vevo 770; Visual Sonics) equipped with a highfrequency ultrasound probe (RMV-707B). Left ventricular (LV) dimensions, end-diastolic interventricular septum thickness (IVS;d), end-diastolic LV posterior wall thickness (LVPW;d), LV fractional shortening (FS), LV mass, and LV ejection fraction (EF) were measured from LV M-Mode images.
Histology and Various Staining
Heart paraffin sections were processed as previously described (6) . Sirius Red staining was used for collagen deposition (7), and myocyte cross-sectional areas were determined using FITC-conjugated wheat germ agglutinin (WGA; Alexa Fluor 488 conjugate; Molecular Probes/Invitrogen). Immunohistochemical (IHC) staining with anti-8-hydroxyguanosine (8-OHdG; 1:100 dilution; Abcam, Cambridge, MA) and immunofluorescent staining with anti-Nrf2 (1:100 dilution; Santa Cruz Biotechnology, Dallas, TX) were also performed (6).
Western Blot Analysis
Western blotting was done as previously described (8-10) using primary antibodies for transforming growth factorb1 (TGF-b1; 1:1,000 dilution; Cell Signaling Technology, Beverly, MA), connective tissue growth factor (CTGF; 1:500 dilution), followed by anti-IgG horseradish peroxidaseconjugated secondary antibody and GAPDH (1:3,000 dilution) as an internal control (all from Santa Cruz Biotechnology). MT expression was detected with a modified Western blot protocol, as previously described using antibody against MT (1:1,500 dilution; DakoCytomation, Carpinteria, CA).
Quantitative Real-Time PCR Gene expression was examined by quantitative real-time PCR (qRT-PCR) as previously described (10) using the following primers: Nrf2 (Mm00477784), NQO1 (Mm01253561), HO-1 (Mm00516005), atrial natriuretic peptide (ANP; Mm01255747), b-myosin heavy chain (b-MHC; Mm01319006), monocyte chemoattractant protein-1 (MCP-1; Mm00441242), interleukin-6 (IL-6; Mm00446190), MT1 (Mm00496660), and GAPDH (Mm99999915) (Life Technologies, Grand Island, NY).
Determination of Lipid Peroxidation
Heart lipid peroxidation was examined using thiobarbituric acid-reactive substances assay according to the formation of malondialdehyde (MDA) during acid hydrolysis of the lipid peroxide compound, as previously described (8) .
Statistical Analyses
Data were presented as mean 6 SD (n = 6). Statistical analysis was calculated using one-way ANOVA with Tukey post hoc test by using Prism 5.0 (GraphPad Software, San Diego, CA). A P value ,0.05 was considered statistically significant. Supplementary Fig. 1B ). Body weight and blood glucose after 3-h fasting were significantly increased in both diabetic WT and Nrf2-KO mice, which were not affected by SFN treatment ( Supplementary Fig. 1C and D) .
RESULTS
Diabetes
Diabetes-induced cardiac dysfunction was reflected by decreased FS and EF and increased ventricular diastolic and systolic dimension in the WT mice. These changes were more significantly observed in the Nrf2-KO mice compared with WT mice, whereas treatment with SFN significantly prevented cardiac dysfunction in WT group, but not in Nrf2-KO group (Table 1) .
Lack of cardiac Nrf2 gene in Nrf2-KO mice was confirmed by undetectable mRNA expression compared with Nrf2 expression in WT mice (Fig. 1A) . Nuclear Nrf2 accumulation was increased in the SFN group, decreased in the DM group, and only slightly decreased in DM/SFN group (Fig. 1B) . Consistent with increased LV dimension noted on transthoracic echocardiography, the gross cardiac dimensions were increased in DM groups (Fig.  1C) . Cardiomyocyte size was increased by analysis of myocyte area via WGA staining ( Fig. 1D and E). Morphological hypertrophy of the heart was further confirmed by increased expression of the molecular hypertrophy markers ANP and b-MHC mRNA ( Fig. 1F and G) . All of these hypertrophic indices were more significantly increased in diabetic Nrf2-KO mice than diabetic WT mice and almost completely inhibited by SFN treatment in WT mice, but not in Nrf2-KO mice (Fig. 1C-G) .
The cardiac fibrotic response, defined by increased collagen accumulation ( Fig. 2A and B) and protein expression of fibrotic mediators CTGF ( Fig. 2C and D) and TGFb1 ( Fig. 2C and E) , was evident in the WT diabetic group and further elevated in the Nrf2-KO diabetic group. SFN treatment prevented diabetes-induced fibrotic responses only in diabetic WT mice. Cardiac mRNA expression of inflammatory cytokines IL-6 and MCP-1 increased in diabetic WT and further increased in Nrf2-KO diabetic mice. SFN treatment prevented diabetes-associated inflammation completely only in diabetic WT mice ( Cardiac oxidative damage, defined by 8-OHdG staining ( Fig. 3A and B) and lipid peroxidation with MDA assay (Fig. 3C ), was noted in diabetic WT mice and further increased in diabetic Nrf2-KO mice. SFN treatment completely prevented these effects only in diabetic WT mice. Immunofluorescent staining of Nrf2 (Fig. 3D ) showed its expression in both cytosolic and nuclear compartments in WT controls and much less for both locations in diabetic group. SFN significantly increased nuclear Nrf2 contents in WT controls and also preserved its normal nuclear levels in the DM/SFN group, suggesting the potential activation of Nrf2. This was supported by increased transcriptional expression of its downstream genes NQO1 and HO-1 in SFN-treated WT control and diabetic groups (Fig. 3E and F) . We also found that upregulated Nrf2 transcriptional function was accompanied with increased expression of MT mRNA (Fig. 3E) and protein (Fig. 3F) . SFN did not stimulate Nrf2 expression and nuclear accumulation as well as its downstream genes, including MT, in Nrf2-KO mice (Fig. 3D-F) . To determine if MT plays an important role in SFN cardioprotection from diabetes, diabetic and nondiabetic MT-KO and WT (129S1) mice were treated and analyzed by the same protocol ( Supplementary Fig. 2A ). Both MT-KO and WT diabetic mice exhibited significantly increased body weight and fasting blood glucose, effects that SFN did not prevent ( Supplementary Fig. 2B and C). MT1 mRNA and MT protein expressions were not detectable in MT-KO mice regardless of SFN treatment. However, MT1 mRNA and protein expression decreased in DM WT mice and increased in SFN versus healthy control and DM/SFN versus DM groups, respectively ( Fig. 4A and B) .
The increased gross heart size ( Fig. 4C) , myocardial cell size (Fig. 4D) , and mRNA expression of hypertrophic markers ANP and b-MHC genes ( Fig. 4E and F) were consistent with DM-induced cardiac hypertrophy. These effects were more evident in MT-KO mice than WT mice, and SFN prevented cardiac hypertrophy significantly in WT mice and partially in MT-KO mice. and G]) were also more evident in MT-KO mice than WT mice. However, SFN prevented these effects significantly in WT diabetic mice and only for inflammation and collagen accumulation in MT-KO diabetic mice, but not for CTGF and TGF-b expression.
Cardiac oxidative damage (8-OHdG) ( Fig. 6A and B) and lipid peroxidation (MDA) (Fig. 6C) were significantly induced in both diabetic WT and MT-KO mice, particularly severely in the latter. Deletion of MT gene did not significantly reduce SFN cardioprotection from diabetes. This is the first evidence that deletion of the MT gene exacerbates diabetes-induced cardiac remodeling and other abnormal changes, but MT is not required for SFN-mediated T2DM cardioprotection.
The association of Nrf2 and MT was examined in MT-KO and their WT mice treated with or without SFN. Immunofluorescent staining showed that diabetes decreased Nrf2 expression and nuclear accumulation in both WT and MT-KO mice, whereas SFN treatment increased Nrf2 expression and nuclear accumulation under normal conditions and reversed diabetes-decreased Nrf2 expression and nuclear accumulation in both MT-KO and WT diabetic mice (Fig. 6D) . Nrf2 expression and activation were further confirmed with its mRNA expression by real-time PCR assay (Fig. 7A) , its nuclear accumulation by Western blotting of nuclear proteins (Fig. 7B) , as well as Nrf2 downstream genes NQO1 and HO-1 mRNA expressions by real-time PCR assay (Fig. 7C and D) , 
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suggesting that SFN-induced Nrf2 activation was predominantly MT independent.
DISCUSSION
Although our previous studies have shown the association of SFN-induced cardiac Nrf2 activation during the prevention of DCM in T1DM (6) and T2DM (7), the current study confirms that Nrf2 plays a requisite role for SFN-mediated cardioprotection against T2DM because of the lack of DCM prevention by SFN in Nrf2-KO mice.
In the current study, we also demonstrated, for the first time, significant cardiac hypertrophy (Fig. 4D-F) , fibrosis ( Fig. 5A-E), inflammation (Fig. 5F and G) , and oxidative damage (Fig. 6A-C) in MT-KO DM mice compared with WT diabetic mice, suggesting that the basal level of MT is important for the attenuation of diabetes-induced cardiac side effects. In the literature, there is a small number of studies on diabetes using MT-KO mice (2, 20) . Tachibana et al. (20) have firstly shown the exacerbation of diabetic nephropathy in MT-KO mice compared with WT diabetic mice, which was supported by our recent study on diabetic nephropathy (2).
However, there was no information for the effect of the MT gene deletion on the heart under diabetic conditions. Furthermore, using mice overexpressing the MT gene specifically in cardiomyocytes, we have shown the significant prevention of the diabetes-induced pathological damage and function alterations (8) (9) (10) .
Previous studies clearly indicate that both Nrf2 and MT play important roles in the prevention of DCM, but there are few studies that investigated both Nrf2 and MT in the same study. For the induction of MT, most studies used zinc (9,21-23), whereas studies on the induction of Nrf2 used SFN in different conditions (6,14,18,24,25 ). In fact, both Zn and SFN were able to induce MT and Nrf2 (2, 6, 12, 13, (26) (27) (28) (29) . These findings prompted us to ask whether MT functioned as one of Nrf2's downstream targets to play a protective role. In this study, we demonstrated for the first time that: 1): cardiac MT1 mRNA and MT protein levels were in parallel with Nrf2 expression in WT mice (Fig. 3E and F) ; 2) SFN induces cardiac expression of MT at both mRNA and protein levels in the WT control mice, but not in Nrf2-KO control mice (Fig. 3E and F) ; and 3) SFN can reserve the almost- normal levels of cardiac MT mRNA and protein in the WT diabetic group, but not in Nrf2-KO diabetic mice (Fig. 3E  and F) , suggesting the Nrf2-dependent induction of MT by SFN. Our in vivo finding supports previous in vitro studies that have implicated MT as a downstream target of Nrf2 in cultured cells (30, 31) . For instance, exposure of bovine aortic endothelial cells to cadmium results in modification of Keap1, leading to Nrf2 activation and thereby upregulating both of its typical downstream proteins and MT-1/2. Chromatin immunoprecipitation assays show that Nrf2 is recruited to the antioxidant response element of the promoter region of the bovine MT-2 gene in the presence of cadmium.
Considering that both Nrf2 and MT are oxidationresponsive genes, their expressions, in a general view, should be increased as a compensative response when there is oxidative stress. However, in this study, we showed decrease in both Nrf2 and MT expression in the diabetic group. This may be because the experimental terminating time is relatively late in diabetes (6 months of diabetes). Cardiac Nrf2 expression was noted to be increased in the heart of diabetic mice at 2 weeks (32) and even 2 or 3 months (6,33), but significantly decreased in the hearts of diabetic mice at 5 or 6 months (6,33) after the onset of DM. These findings from animal models are also in a line with clinical observations: a downregulation of Nrf2 expression (mRNA and/or protein) in the failing hearts of patients with diabetes (33), peripheral blood mononuclear cells obtained from patients with prediabetes and diabetes (34, 35) , and skin tissue in patients with diabetes (36) . Therefore, Nrf2 might be compensatively trying to remain functionally overcoming diabetic damage at the early stage, but showed a decreased rate at the late stage of diabetes because of certain mechanisms. Regarding the mechanisms by which diabetes downregulates Nrf2 expression and function at the late stage, it remains unclear based on the current study. However, it may be related to the increased proteasome activity in the diabetic tissues or cells. In diabetic rats and mice, the proteasome activity increased in skeletal muscle or heart (37, 38) and kidney (39, 40) . Furthermore, inhibition of proteasome activity significantly reversed diabetic downregulation of Nrf2 expression and function (39, 40) , suggesting the negative role of diabetes-increased proteasome activity at the late stage in diabetic downregulation of Nrf2 and, consequently, MT mRNA and protein expressions.
Another unexpected finding in the current study is that although MT, as a potent antioxidant, plays an important role in the protection from diabetic complications and is one of Nrf2 downstream targets, it was not required for SFN-induced protection from DCM via upregulation of Nrf2 function. We found that in MT-KO mice, SFN continued significantly upregulating Nrf2 function and protecting the heart from diabetes for most measurements (Figs. 4-7 and Supplementary Table  1) , except for CTGF and TGF-b expressions (Fig. 5D and E and Supplementary Table 1 ). Thus, MT played an important, although partial, role in SFN's protection from diabetic nephropathy because SFN's renal protection from diabetes was less in MT-KO diabetic mice than that in WT diabetic mice (2). Although we have yet to define the mechanisms for differential sensitivity and/or protective effects between the heart and kidney, we speculate that SFN-induced Nrf2 activation subsequently induces MT gene expression along with other Nrf2 downstream antioxidants such as HO-1 and NQO1, as illustrated in Fig.  7E . Therefore, how and which downstream components play roles may be different among the organs, and models have yet to be determined.
HO-1, for instance, is inducible by many factors, including heavy metals and reactive oxygen species and catalyzes the first and rate-controlling step of the degradation of heme into ferrous iron, carbon monoxide, and biliverdin that is subsequently converted into bilirubin (41) . Emerging evidence indicates that HO-1, along with its reaction products bilirubin and carbon monoxide, plays an important role in the protection of cardiovascular system from a wide range of oxidative stresses, including diabetes (41) . We have demonstrated that diabetes downregulated cardiac Nrf2 expression and function at its late stage with significant decrease in HO-1 induction, and SFN preserved Nrf2 and HO-1 function with a significant prevention of DCM (6); however, in vitro silence of Nrf2 resulted in downregulation of HO-1 expression along with the increased cardiac cell's sensitivity to high levels of glucose-induced damage (6) . Other in vitro and in vivo studies also showed the important protection by activating HO-1 via Nrf2 from cardiac damage induced by diabetic and nondiabetic conditions (42, 43) . These studies suggest that like MT, HO-1 may also play an important role in SFN-induced cardiac protection from diabetes. This notion is supported by our finding in this study that cardiac expression of HO-1 as well as NQO-1 mRNA in the MT-KO mice was significantly increased both in controls (about twofold vs. WT control) and SFN group (about twofold vs. MT-KO control and fourfold vs. WT control). This suggests that in the MT-KO mice, HO-1 as well as NQO-1 and other Nrf2-downstream antioxidants compensatively are upregulated in the heart to maintain the normal antioxidative defense; therefore, SFN continues inducing sufficient cardiac protection from diabetes.
Except for the Nrf2-mediated mechanism discussed above, whether there are other mechanisms that also play certain roles in the prevention of DCM by SFN is worthy of discussion. Our recent study showed a very mild reduction of glucose level in the T2DM mice treated with SFN (273.67 6 34.20) compared with T2DM mice (324.67 6 51.07) (7); however, under the same experimental conditions in this study, we did not see the significant difference between T2DM and T2DM/SFN in term of glucose levels ( Supplementary Fig. 1D ). This discrepancy is considered predominantly because of the variation among animal experiments. For instance, in the previous study in which both self-bred and The Jackson Laboratory-purchased mice were used, both animals in the T2DM and T2DM/SFN groups showed relatively big variations of fasting blood glucose levels (DM: 51.7 mg/dL, ;15.7% of mean; DM/SFN: 34.2 mg/dL, ;12.5% of mean). In contrast, in the current study, for which both C57BL/6J and Nrf2-KO mice were purchased from The Jackson Laboratory, both animals in the T2DM and T2DM/SFN groups showed small variations: ;9% (284.0 6 25.5) in the T2DM and 5% (277.5 6 14.4) in the T2DM/SFN groups, respectively. Therefore, if considering the big variation of T2DM mice in the previous study, there was no significant reductive effect of SFN on blood glucose. In the literature, other studies also showed significant prevention by SFN of diabetes-induced various organ damage, but did not exhibit a significant hypoglycemic effect of SFN (6, 18, 44) . These results thus suggested that SFN prevents DCM or other diabetic complications predominantly independent of its hypoglycemic effect. Although we did not directly measure blood pressure in the current study, we have demonstrated, in the same animal model, no significant influence on the blood pressure (7) . We have reported the prevention by SFN from diabetic nephropathy in the same model (2); however, whether prevention of diabetic nephropathy by SFN results in the prevention of DCM or prevention of DCM by SFN leads to the prevention of the kidney remains unclear, which should be explored in the future with specific organ transgenic mouse models.
In summary, the current study provides the first direct evidence, to our knowledge, of the pivotal role of Nrf2 in SFN protection against T2DM-induced DCM. Because Nrf2 as a nuclear transcription factor cannot directly prevent oxidative damage, there must be Nrf2 downstream genes in SFN-induced Nrf2-mediated protection from diabetes. In this study, we show that SFN induced both Nrf2 and MT expression in the heart, but MT expression induced by SFN is Nrf2 dependent, whereas SFN-induced Nrf2 expression is MT independent. Furthermore, MT gene deletion did not significantly ameliorate SFN's cardiac protection from diabetes, which is predominantly because SFN-activated Nrf2 function can also upregulate other important antioxidative components such as HO-1 (Fig. 7E) . This study has significant clinical relevance because of the association of Nrf2 and MT gene polymorphisms for several diseases, including cardiovascular diseases (45, 46) . Once we refine the relationship of Nrf2 with MT in diabetes, we can explore strategies that upregulate MT and/or Nrf2 for patients with genetic polymorphisms, such as via SFN and/or zinc to induce cardiac protection.
